A simple and cost effective method to independently and stereo-specifically incorporate [ 1 H, 13 C]-methyls in Leu and Val in proteins is presented. Recombinant proteins for NMR studies are produced using a tailored set of auxotrophic E. coli strains. NMR active isotopes are routed to either Leu or Val methyl groups from the commercially available and scrambling-free precursors α-ketoisovalerate and acetolactate. The engineered strains produce deuterated proteins with stereospecific [ 1 H, 13 C]-methyl labeling separately at Leu or Val amino acids. This is the first method that achieves Leu-specific stereospecific [ 1 H, 13 C]-methyl labeling of proteins and scramble-free Val-specific labeling. Use of auxotrophs drastically decreases the amount of labeled precursor required for expression without impacting the yield. The concept is extended to Thr methyl labeling by means of a Thr-specific auxotroph that provides enhanced efficiency for use with the costly L-[4-13 C,2,3-2 H 2 , 15 N]-Thr reagent. The Thr-specific strain allows for the production of Thr-[ 13 CH 3 ] γ2 labeled protein with an optimal isotope incorporation using up to 50% less labeled Thr than the traditional E. coli strain without the need for 2 H-glycine to prevent scrambling.
Introduction
Deuteration, selective [ 1 H, 13 C]-methyl labeling and methyl TROSY effect have expanded the scope and applicability of liquid state NMR to protein systems up to several hundreds kilo Daltons (kDa) . This technology, pioneered by the group of Lewis Kay and co-workers (Gardner and Kay, 1997; Goto et al., 1999; Tugarinov et al., 2006) yielded new insights into the function of large proteins (Audin et al., 2013; Gelis et al., 2007; Karagoz et al., 2011; Kato et al., 2011; Kerfah et al., 2015b; Religa et al., 2010; Rosenzweig and Kay, 2014; Rosenzweig et al., 2013; Saio et al., 2014; Sprangers and Kay, 2007; . Alpha-keto acid precursors that allow for highly specific and scramble-free labeling of Ile, Leu and Val methyls are commercially available (Tugarinov and Kay, 2005) . Additional methods for selective [ 1 H, 13 C]-methyl labeling of proteins on the Ala (Ayala et al., 2009; Isaacson et al., 2007; Popovych et al., 2009) , Met (Gelis et al., 2007) , Ile-γ2 (Ruschak et al., 2010) and most recently Thr residues (Saio et al., 2014; Sinha et al., 2011; Velyvis et al., 2012) have been reported to date.
The six methyl-bearing amino acids -Ala, Ile, Leu, Met, Thr and Val -are highly abundant, accounting for 35-45% of the primary structure and they are typically well dispersed throughout the protein structure. Full incorporation of [ 1 H, 13 C]-methyl-labeled reagents and complete deuteration of the remaining protons are essential for optimal sensitivity and resolution in large systems (Kay, 2005) . Reducing proton density also prevents 1 H-1 H spin diffusion and enables the detection of NOEs between more distal atoms (Sounier et al., 2007) . Ala, Ile, Met, and Thr rely on distinct reagent precursors and can be independently incorporated while Leu and Val rely on the same α-keto acid for biosynthesis ( Fig. 1 ). Leu and Val methyl groups typically account for more than 50% of all methyl probes in a protein and their correct identification is critical for the success of any NMR study. Owing to their relatively small chemical shift dispersion and overlapping chemical shift ranges, simultaneous labeling of Leu and Val can often result in crowded and difficult to analyze spectra, especially as protein size increases. Simultaneous stereospecific labeling of pro-S or pro-R methyl groups in both Leu and Val via synthesis of specifically labeled acetolactate precursors was shown to alleviate spectral crowding and provides significant sensitivity enhancement in large proteins (Gans et al., 2010) . However, there are currently no methods available to separately and stereospecifically label Leu or Val. Doing so would improve the accuracy of the divide-and-conquer strategy (Gelis et al., 2007; Pickford and Campbell, 2004; Sprangers and Kay, 2007) , simplify assignment by point mutations (Amero et al., 2011) , and empower the structure-and NOESY-based automatic assignment of methyl groups using recently reported methods (Chao et al., 2012; Pickford and Campbell, 2004; Xu and Matthews, 2013) .
Specific labeling is generally achieved using the proper precursor to route the isotopecontaining reagent into the amino acid of interest. Val is synthesized via transamination of α-ketoisovalerate and thus it is not possible to isolate a biosynthesis-specific precursor (Fig.   1) . Conversely, the branched metabolism responsible for Leu synthesis includes five more steps from α-ketoisovalerate to Leu production. (Lichtenecker et al., 2013) reported the synthesis of one labeled intermediate, the α-ketoisocaproate, which can be used for Leu labeling. Deuterated [ 1 H, 13 C]-monomethyl and [ 1 H, 13 C]-dimethyl α-ketoisocaproate can also be synthesized. However the [ 1 H, 13 C]-monomethyl compound is produced as a racemic mixture and therefore cannot be used as a stereo-array isotope labeled precursor. A simple method to achieve Val-only methyl labeling, with minimal decrease in overall incorporation, is to inhibit Leu biosynthesis by supplementing the minimal media with either 10% rich labeled media (e.g. Bioexpress or Isogrow) or 20 mg/L of deuterated Leu (Mas et al., 2013) . Unfortunately, Leu-specific labeling cannot be obtained by analogous means since adding deuterated Val would result in its reversible conversion to α-ketoisovalerate and negatively impact the [ 1 H, 13 C]-methyl incorporation on Leu. Finally, the strategy of direct addition of labeled amino acids to the culture medium (Metzler et al., 1996) was further demonstrated recently with the synthesis of stereo-specifically labeled Leu and Val, and their subsequent use to achieve stereospecific residue-specific methyl labeling of proteins (Miyanoiri et al., 2013) . However, the cost and the availability of these labeled amino acids are still a major hurdle.
Thr methyl labeling has proved to be somewhat challenging (Velyvis et al., 2012) . For instance, isotope scrambling into Ile-δ 1 through 13 C γ2 -Thr conversion to 13 C-α-ketobutyrate by the Thr dehydratases (ilvA and tdcB) was reported. In addition, its isotope incorporation was found to be suboptimal, likely because the 13 C γ2 -Thr bulk was isotopically diluted by its conversion to Gly by Thr aldolase (ltaE) or by its endogen production by Thr synthase (thrC) (Fig. 1) . Velyvis et al. (2012) reported the simultaneous addition of 50 mg/L of 13 C γ2 -Thr with 50 mg/L of 13 C-α-ketobutyrate and 100 mg/L of d2-Gly to obtain around 88% isotope incorporation into Thr-γ2 methyl along with close to full labeling of Ile-δ1 methyl. However, it is often beneficial to only label single methyl-bearing amino acids of interest. Last but not least, 13 C γ2 -Thr is costly and therefore optimal use of this reagent is important.
We present a method for residue-and stereo-specific labeling of Leu and Val as well as scramble-free Thr methyl labeling with minimal reagent usage. Specialized strains were designed that route the isotope incorporation pathways to either Leu, Val or Thr methyl groups from commercially available precursors (α-ketoisovalerate, acetolactate and Thr). We show successful stereospecific and residue-specific Leu and Val methyl labeling using four different proteins ranging from 10 to 80 kDa: the peptidyl-prolyl isomerase domain (PPD) of Trigger Factor, the calmodulin, the catabolite activator protein (CAP) and the malate synthetase G (MSG). The group of auxothrophs engineered yield deuterated proteins with [ 1 H, 13 C]-methyl labeling on any of Val-γ1/γ2, Leu-δ1/δ2, Val-γ1/Leu-δ1, Val-γ2/Leu-δ2, Val-γ1, Val-γ2, Leu-δ1 or Leu-δ2. In this method, the amount of precursor is drastically decreased without affecting the yield. In addition, our strains are compatible with Thr, Ala and Met [ 1 H, 13 C]-methyl labeling protocols, enabling useful combinations of methyl probes that can facilitate residue type identification, and simplify assignment by computational or mutagenic approaches. In the case of Thr, the use of an auxotrophic strain improves the incorporation efficiency and selectivity. The resulting engineered strain can produce fully Thr-γ2 methyl-labeled protein using 50% of the 13 C γ2 -Thr reagent as compared to the previous method, and it does so without the need for 2 H-Gly reagent to prevent scrambling.
Materials and Methods

Isotopes
The following reagents were used in this study. Names are given in IUPAC and common name in parentheses is used throughout the text and in Supp. N]threonine ( 13 C γ2 -Thr) was synthesized in our laboratory following the protocol of (Velyvis et al., 2012) .
Engineering of E. coli strains for specific methyl labeling
The gene deletion mutants [JW5605(ΔilvD); JW5606(ΔilvE); JW5652(ΔavtA); JW5807(ΔleuB); JW2004(ΔhisB); JW1254(ΔtrpC); JW0003(ΔthrC); JW0076(ΔilvI); JW3704(ΔilvG) and JW3646(ΔilvB)] were obtained from the Keio collection (University of Keio, Japan). To perform the gene deletion mutagenesis (P1 transduction), BL21(DE3) were grown in 10 ml of LB medium supplemented with 5 mM CaCl 2 , and when the cell density (OD 600 ) reached 0.5 to 0.6, 100 μL of P1 phage lysate were added. After 30 min incubation at 30°C, 100 mM sodium citrate (pH5.5) was added and the culture was incubated another 30 min at 37 °C. After pelleting by centrifugation, the cells were suspended into LB supplemented with 200 mM sodium citrate (pH5.5) and the cells were plated onto the LBkanamycin (Km)(50 μg/ml) plates. The colonies were tested for the gene deletion by polymerase chain reactions (PCR). As a final step, the Km cassette was removed from the genome. The deletion mutants were grown in LB medium supplemented with Km (50 μg/ ml). The cells were then transformed with pCP20 by electroporation and plated on LBampicillin (Amp) (100 μg/ml) plates, which were incubated at 30°C for plasmid selection. The resulting colonies were re-streaked on LB plates, which were incubated at 42°C overnight. The loss of the Km cassette and pCP20 was confirmed using three different plates: LB, LB with Km and LB with Amp.
In this study, the following E. coli strains were used and their naming is given according to their phenotype (within parenthesis) and genotype (in italic): BL21(Val-) for ΔilvE, ΔavtA; BL21(Leu-) for ΔleuB; BL21(AcL-) for ΔhisB, ΔtrpC, ΔilvB, ΔilvG, ΔilvI; BL21(AcL-/ Val-) for ΔhisB, ΔtrpC, ΔilvB, ΔilvG, ΔilvI, ΔilvE, ΔavtA; BL21(AcL-/Leu-) for ΔhisB, ΔtrpC, ΔilvB, ΔilvG, ΔilvI, ΔleuB; and BL21(Thr-) for ΔthrC.
Production of Leu/Val methyl-labeled protein samples using engineered strains
Either BL21(AcL-) or BL21(AcL-/Leu-) strains were used to specifically label Val methyl groups. Leu methyl labeling was achieved using the BL21(AcL-/Val-) strain. The engineered BL21 strain cells, transformed with the PPD-or MSG-containing plasmid, were grown at 37°C in 50 mL (or 250 mL for MSG) of M9-D 2 O medium supplemented with ampicillin (100 mg/L), glucose (2 g/L), Leu (30 mg/L), Ile (30 mg/L), Val (30 mg/L), Trp (30 mg/L), and His (30 mg/L). When the OD 600 reached 0.3 to 0.4, the cells were pelleted and washed by M9-D 2 O medium twice and re-suspended in 50 ml (or 250 mL for MSG) of M9-D 2 O medium containing ampicillin (100 mg/L), glucose (2 g/L), Trp (30 mg/L), His (30 mg/L) and 13 C ε -Met at 80 mg/L. In addition, the medium was supplemented with Leu (30 mg/L) or Val (30 mg/L), and 13 C-proS-acetolactate or 13 C-monomethyl α-ketoisovalerate, accordingly to the desired specific labeling. After incubation for 1.5 hours at 37 °C, protein overexpression was induced with IPTG to a final concentration of 1 mM and the cells were harvested 2.5 hours later for PPD (or after overnight incubation for MSG). For MSG production, 20 mg/L of 13 C-proS-acetolactate was added after cell re-suspension and together with IPTG induction (40 mg/L in total). For Leu labeling, 0.1 g/L of [ 2 H]-celtone base powder (CIL) was added during the growth step. For PPD sample, deuteration is not necessary, thus we used only protonated nutriments to supplement the growth media. Conversely, for MSG sample production, deuterated Ile, Leu, Val and glucose were used during both growth and induction step. As a cost saving measure, protonated His and Trp were used in place of deuterated versions. PPD (Saio et al., 2014) and MSG (Kerfah et al., 2015a ) were purified as previously described.
Each strain employs different amino acids and [ 1 H, 13 C]-methyl-containing precursors in order to obtain the desired labeling. To determine how the reagent concentrations impact the yield and the isotope incorporation, we tested different medium compositions. After growing and centrifuging the cells, we split the pellet into a set of induction media containing different amount of single metabolites. We used BL21(Acl-) to produce U- . Protonated glucose and protonated amino acids were used in both growth and induction steps. The concentration of recombinant proteins (UV absorption at 280nm) and the volume of the protein sample obtained at the end of the purification were measured to assess the protein yield. 13 C ε -Met at 80 mg/L was used as internal standard for all labeled proteins unless specified otherwise. The relevant methyl signals were characterized by 1 H, 13 C-HMQC.
Production of Thr methyl-labeled protein samples using engineered strains
Thr [ 1 H, 13 C]-methyl labeling was achieved using the BL21(Thr-) strain. The engineered BL21 strain cells, transformed with either PPD-or Trigger Factor-containing plasmids, were grown at 37°C in 200 mL of M9-D 2 O medium supplemented with ampicillin (100 mg/ L), 13 C γ2 -Thr (25 mg/L) and deuterated glucose (2 g/L). When either the signal suppression or the labeling of Ile-δ1 methyls was targeted, either protonated Ile (20 mg/L) or 13 C-α-ketobutyrate (25 mg/L), respectively, was added at OD 600 = 0.3, and cells were kept growing for one hour at 37 °C. The production was induced by the addition of IPTG to a final concentration of 0.5 mM at 18 °C and the induced cells were harvested 16 hours later. Incorporation was estimated based on signal intensity to the corresponding PPD sample of equal concentration labeled with Ile, Val and Leu methyls.
RESULTS
Engineering of E. coli strains for specific Leu/Val/Thr methyl labeling
In order to achieve residue-and stereo-specific labeling of either Leu or Val using commercially available isotope precursors, and also to decrease the cost of stereospecific labeling of Leu/Val amino acids, we designed auxotrophic strains to route isotopes to either Leu or Val. In the biosynthetic pathway, the Val amino acid is derived directly from α-ketoisovalerate by two transaminases (Fig. 1) , coded by the genes ilvE and avtA. We deleted these two genes to block Val biosynthesis and thus exclusively label Leu. The biosynthesis of Leu from α-ketoisovalerate (Fig. 1) involves five additional reaction steps. The gene leuB codes for one of the involved enzymes and was deleted to block Leu biosynthesis and thus exclusively label Val residues. We validated gene deletions and viability of the strains by confirming that the ΔilvE/ΔavtA and the ΔleuB strains only grow in the presence of Val and Leu amino acids, respectively. The transaminase coded by ilvE gene is reported by the Kyoto Encyclopedia of Genes and Genomes (http://www.genome.jp/kegg/) to be involved in the biosynthesis of both Leu and Ile (Fig. 1) . As anticipated, the ΔilvE/ΔavtA strain failed to grow in the absence of Leu and Ile. Nonetheless, cells growth occurred in the absence of Leu when the medium was supplemented with either α-ketoisovalerate or acetolactate, albeit at a much lower growth rate. It appears that transamination of Leu-precursor is carried out by alternative endogenous transaminases, which are not as efficient as IlvE. Thus, using the ΔilvE/ΔavtA strain the isotope incorporation into Leu methyls was very low (data not shown) with either 13 C-monomethyl α-ketoisovalerate or 13 C-proS-acetolactate as [ 1 H, 13 C]-methyl source. It is likely that very slow Leu biosynthesis allows for the precursor to recycle into other metabolic pathways thereby triggering isotope dilution by 12 C-glucose. On the other hand, no isotope incorporation issues were noted for Val labeling using the ΔleuB strain fed with 120 mg/L of 13 C-monomethyl α-ketoisovalerate. In order to avoid precursor recycling and to decrease the overall α-ketoisovalerate amount needed, we engineered strains that are auxotroph to acetolactate and α-ketoisovalerate. The only enzyme that could be removed from the Leu/Val biosynthesis pathway without affecting pyruvate metabolism was acetolactate synthetase (ALS), an enzyme that is closely involved in Ile synthesis as well as in Leu and Val synthesis. Therefore, altering ALS genes was expected to disrupt Ile along with Leu/Val biosynthesis. The ALS enzyme consists of large and small subunits, coded by six genes in the E. coli genome. To obtain an auxotrophic strain, we attempted to delete all three genes that code for the large subunit of ALS (ilvI, ilvB, ilvG). After preparing the deletion mutant strain (ΔilvI, ΔilvB, ΔilvG), the cells were unable to grow in the absence of Ile, Leu and Val in the medium; however, the growth was recovered in the presence of acetolactate and Ile. To achieve Val specific methyl labeling, we blocked the conversion from acetolactate to Leu by the gene deletion ΔleuB. After this gene deletion, the cells were unable to grow in the presence of the acetolactate and Ile; however, the growth resumed when Leu was supplied.
In order to achieve Leu specific methyl labeling, additional gene deletion mutations (ΔilvE, ΔavtA) were also included to block the conversion of acetolactate to Val. After the additional gene deletions, the cells were unable to grow in the presence of acetolactate and Ile; however, growth resumed when Val was added to the medium. We constructed the strains based on the His and Trp auxotroph strain; so the final genotype for these two strains are ΔhisB, ΔtrpC, ΔilvI, ΔilvB, ΔilvG, ΔleuB for Val labeling and ΔhisB, ΔtrpC, ΔilvI, ΔilvB, ΔilvG, ΔilvE, ΔavtA for Leu labeling.
For Thr methyl labeling, we designed an auxotroph strain by deleting the thrC gene that acts in the final step of Thr biosynthesis. The goal was to decrease both isotopic scrambling and the minimal amount of 13 C γ2 -Thr to reach full isotope incorporation. The resulting engineered BL21 (DE3) ΔthrC cells were unable to grow without Thr supplement and the growth resumed when Thr was added, confirming the strain is auxotrophic for Thr.
Val/Leu-specific methyl-labeling using auxotroph strains Each labeling scheme requires both the specific auxotroph and an appropriately supplemented medium for cell growth and protein overexpression. Because the strains are auxotrophs for both Leu/Val precursors, the cells are grown in two different M9-D 2 O-based media, one for the growth step and another for the induction step. Both media are supplemented with Ile, Val and Leu. However, for the induction medium, the amino acids to be labeled need to be substituted by the appropriate precursors. An optimization round was conducted to determine the optimal amount of reagent to insure proper yield and high [ 1 H, 13 C]-methyl incorporation. All experiments performed to optimize the protocols and reagent dosages have been conducted using the catalytic N-terminal PPI domain from E. coli Trigger Factor (PPD). To check isotope incorporation, several methyl-labeled PPD samples were produced with increasing amounts of isotope precursors. The methyl signal intensities were measured by recording 13 C-HMQC spectra. Intensities of each methyl type (pro-R or pro-S for Leu and Val) were normalized against the mean signal intensity of the Met ε-methyls used as an internal incorporation standard. The relative intensities with respect to the methionine signals were then plotted against the amount of precursors utilized (Fig. 2) . We produced U-[ 1 H, 12 C], Val/Leu-[ 13 CH 3 ] proS PPD samples using the BL21(AcL-) strain with different amounts of 13 C-proS-acetolactate ( Fig. 2A) . Maximum isotope incorporation was reached when just ~30 mg/L of precursors were added, an order of magnitude less than the 300 mg/L reported in the original paper (Gans et al., 2010) . We tested isotope incorporation into Leu using the strain BL21(AcL-/Val-) with different concentrations of 13 C-monomethyl α-ketoisovalerate and, in contrast to the poor isotope incorporation observed for the ΔilvE/ ΔavtA strain, we reached maximum incorporation using only 25 mg/L of 13 C-monomethyl α-ketoisovalerate (Fig. 2B) .
Expression yields using different conditions in this work were compared to the standard protocol consisting of protein overexpression in BL21 strain with 120 mg/L of 13 Cmonomethyl α-ketoisovalerate to assess whether or not our method impacts the expression yield. Protein expression using BL21(AcL-) increased with increasing amounts of 13 C-proSacetolactate. The yield of U-[ 1 H, 12 C], Leu/Val-[ 13 CH 3 ] proS PPD at 40 mg/L 13 C-proSacetolactate matched the yield of the standard protocol. Interestingly, when using 60 mg/L of 13 C-proS-acetolactate, twice as much protein was produced compared to the standard protocol. In this case, the contributing cost of acetolactate to the overall protein production cost was decreased by an order of magnitude. Protein yield dependence on Ile amount added was tested and no significant improvement was observed in the range from 10 mg/L to 120 mg/L. Regarding the high price of d10-Ile, 10 mg/L is a cost-effective use of this reagent. Concerning the BL21(AcL-/Val-) strain, 50 mg/L of 13 C-monomethyl α-ketoisovalerate yields an equivalent amount of protein compared to the standard protocol. However, 40 mg/L of 13 C-proS-acetolactate used for stereospecific and Leu-specific labeling of MSG yielded about 40% of the standard protocol production. Using the optimized conditions described above, we produced different methyl-labeled samples of the 82 kDa malate synthetase G (MSG), which is one of the largest monomeric proteins with available methyl assignments (Gans et al., 2010; Tugarinov and Kay, 2003) . The MSG sequence contains 70 Leu and 46 Val residues. The Val-proS labeled MSG samples were produced using BL21(Acl-/Leu-) along with 40 mg/L of 13 C-proSacetolactate. The Leu-proS labeled MSG was expressed using the BL21(AcL-/Val-) strain along with 40 mg/L of 13 C-proS-acetolactate. The Leu/Val methyl-labeled MSG sample was produced using regular BL21(DE3) along with 120 mg/L of 13 C-monomethyl α-ketoisovalerate. Figure 3 shows the 13 C-HMQC spectra of Leu/Val methyl-labeled sample, Val-proS labeled sample and Leu-proS labeled sample. The intensity ratio of either Val γ2-methyl or Leu δ2-methyl vs. the Met ε-methyl internal standard was used to quantify isotope incorporation. For both Leu and Val specific labeled samples, the isotope incorporation was near 100%. When compared, the Leu-proS and Val-proS MSG spectra recorded here matched the spectra in the literature (Tugarinov and Kay, 2003) .
During the course of optimization, we frequently noticed that using the BL21(AcL-) strain along with 30 mg/L of d10-Leu for Val-specific methyl labeling results in up to 6% of residual Leu methyl signals (in the case of MSG, Supp. Fig S1.A) . We decided to test different concentrations of Leu, from 20 mg/L to 100 mg/L but the amount of residual Leu signals remained unaffected. This is in line with the 98% Leu signal suppression previously published (Mas et al., 2013) . Although this signal contamination is low, it could yield heterogeneous peak shape that would complicate data analysis, lead to erroneous conclusions or wrong NOE crosspeak assignment. On the contrary, using the strain BL21(AcL-/Leu-) designed for Val-specific labeling, we can produce spectra without any residual Leu signal (Supp. Fig S1B) .
The main limitation of all BL21(AcL-)-related strains is their inability to use α-ketobutyrate for Ile-δ1 labeling. This moiety is a very useful probe in most NMR studies; it gives intense signals and has a well-defined spectral window that does not overlap with methyl resonances from other residues. This shortcoming can be addressed, in part, using 13 C-acetohydroxybutanoate, a recently developed Ile precursor that is a product of ALS in vivo (Fig.   1 ). It was developed to prevent isotope scrambling from 13 C-Ala to Ile-γ2 methyl when producing Ile-[ 13 CH 3 ] δ1 , Ala-[ 13 CH 3 ] β samples (Kerfah et al., 2015a) . Here, it could in principle be used to introduce Ile in conjunction with Leu and Val. However, the Ile precursor and acetolactate are both substrates of the keto-l-acid reductoisomerase (KARI), the downstream enzyme in the branched-chain amino acid biosynthesis pathways. As a result, simultaneous addition of Ile precursor and acetolactate leads to a decrease in Leu/Val isotope incorporation. To overcome this issue, Kerfah et al. (2015) delayed the addition of Ile precursor by ~1 hour to enable the cells to metabolize acetolactate first. Since the new strains cannot grow without either 13 C-aceto-hydroxybutanoate or Ile, this method is not suitable here. However, considering that the k cat /K m is 5-8 times higher for 13 C-acetohydroxybutanoate than for 13 C-proS-acetolactate (Dumas et al., 2001) , it should be in principle possible to force the enzyme to equally process both precursors by adding more acetolactate than 13 C-aceto-hydroxybutanoate. Regrettably, the strain for Leu-specific labeling (including ilvE deletion) did not grow in the presence of Ile-precursor. The ilvE gene codes for the transaminase that finalizes both Leu and Ile synthesis. In the case of Leu, we have shown that the biosynthesis from precursors still occurs without this enzyme, likely because other transaminases compensate for the lack of ilvE; however, this compensation is not sufficient in the case of Ile. In the Val-specific strain, the ilvE gene is not deleted and Ile can still be synthesized from 13 C-aceto-hydroxybutanoate and so for example an Ile-[ 13 CH 3 ] δ1 , Val-[ 13 CH 3 ] proS sample could be obtained. Based on the optimized amount of deuterated Ile in terms of production yield (see above), we expected to only need ~10 mg/L of 13 C-aceto-hydroxybutanoate to reach full isotope labeling. Testing for Val-proS and Ile-δ1 isotope incorporation was conducted using 40:40, 10:80, 20:100, 20:130 or 20 :160 mg/L of 13 C-aceto-hydroxybutanoate: 13 C-proS-acetolactate. The Val-proS isotope incorporation was only 15% in the case of simultaneous addition of 40 mg/mL of both Ile-precursor and 13 C-proS-acetolactate. This rate is in agreement with the 8-times higher substrate specificity of KARI for 13 C-aceto-hydroxybutanoate. Increasing the concentration of 13 CproS-acetolactate made the enrichment rate reach 38%. This rate was not dependent on the 13 C-proS-acetolactate concentration used beyond 100 mg/mL (test cases 20:100, 20:130 or 20:160 mg/L). In the case of 10:80 mg/L of 13 C-aceto-hydroxybutanoate: 13 C-proSacetolactate, the Val-proS isotope incorporation was closed to 100% but that of Ile-δ1 dramatically dropped down to 50%. Although, we were unsuccessful in producing samples with full labeling of both Val-proS (or proR) and Ile-δ1 using BL21(Acl-,Leu-). Although the experiment was not attempted, it is worth noting that the strain which is not auxotroph for acetolactate but only for Leu, namely BL21(Leu-), could be used along with 300 mg/L of 13 C-proS-acetolactate and 80 mg/L of 13 C-ketobutanoate to achieve this particular labeling scheme following the method of Kerfah and cowoker since the biosynthetic pathways for Ile and Val remain undisturbed. Even if no benefit in term of cost is realized, this strain still makes full Val-specific stereospecific labeling along with Ile methyl labeling of deuterated proteins possible without any scrambling to Leu methyls.
Using the proper combinations of auxotroph strains and precursors four different proteins ranging from 10 kDa to 82 kDa were produced with either Val-γ1/γ2, Leu-δ1/δ2, Val-γ1/ Leu-δ1, Val-γ2/Leu-δ2, Val-γ1, Val-γ2, Leu-δ1 or Leu-δ2 methyl-labeled. Results are shown for CAP (Supp. Fig S4) , PPD (Supp. Fig S5) , calmodulin (Supp. Fig S6) and MSG (Fig 3) . A summary of all auxotrophic strains and labeling combinations possible is listed in Supp. Table S1 .
Thr-specific methyl-labeling using auxotroph strain First, the amount of Thr necessary to obtain the same growth rate as the standard BL21 (DE3) strain was determined for BL21(Thr-). We tested 10, 20, 30, 40, 50 and 100 mg of Thr per liter of BL21(Thr-) culture and full growth was reached using at least 50 mg/L. Consequently the protein yield would be the same regardless of the Thr auxotrophy, and thereby the engineered strain would not provide any cost advantage. However, when the isotope incorporation was tested by producing different MSG samples using either 10, 25 or 50 mg per liter of 13 C γ2 -Thr, and without any 2 H-Gly supplement, the full isotope incorporation was reached with 25 mg/L (Supp. Fig S2) . The reagent amount may need to be optimized on a protein by protein basis but, compared to the protocol of Velyvis et al. (2012) , it is possible to use two-fold less 13 C γ2 -Thr and obtain full Thr incorporation without significant isotope scrambling except for Ile-δ1 (Supp. Fig. S3 ). Moreover, Ile-methyl labeling can be achieved or suppressed by either 25 mg/L of 13 C-α-ketobutyrate or 20 mg/L of deuterated Ile, respectively, which is 2-times or 4-times less, respectively, than previously reported (Sinha et al., 2011; Velyvis et al., 2012) . The Thr specific information is also listed in Supp. Table S1 .
CONCLUSION
We present an efficient and cost effective strategy that achieves residue-and/or stereospecific [ 1 H, 13 C]-methyl labeling of Leu and Val (either Val-γ1/γ2, Leu-δ1/δ2, Val-γ1/ Leu-δ1, Val-γ2/Leu-δ2, Val-γ1, Val-γ2, Leu-δ1 or Leu-δ2) based on new auxotroph E. coli strains and available Val/Leu precursors. The BL21(AcL-) auxotroph strain improved protein yield while requiring only one fifth the amount of acetolactate reagent compared to current methods, leading to significant cost reduction. This is currently the only method available to obtain stereospecific Leu-only methyl-labeled proteins. Analogously to Met shown in this work, Ala and Thr reagents do not interfere with pathways altered in our engineered strains. Although we have not tested it, we anticipate no issues with the incorporation of Ala and Thr along with Leu and Val using the new strains presented herein. Simultaneous complete Ile and Val methyl labeling is also possible but only with the Leuonly auxotroph strain, BL21(Leu-), along with the protocol reported by Kerfah et al. (2015) , in order to take advantage of the robust total suppression of Leu signals. Unfortunately, Ile methyl labeling along with stereospecific [ 1 H, 13 C]-methyl labeling of Leu is not possible using this protocol. In addition, [ 1 H, 13 C]-methyl-labeling of Thr is improved by the tailored auxothroph reported here. The isotope dilution of supplemented 13 C γ2 -Thr is significantly decreased compared to the traditional strain and that allows for full Thr methyl labeling using only half the labeled reagent and no need for labeled glycine supplementation. The new strain gives near 100% isotope incorporation of Thr methyl without significant scrambling, except into Ile-δ1. This strain can be used to label Thr methyl in combination with any other methyl labeling of methyl-containing residues (Saio et al., 2014) and provide similar expression yield than the regular E. coli BL21 strain when using 50 mg/L of labeled Thr. Simplified pathways for Ile, Leu, Val and Thr biosynthesis is outlined starting from glucose, as the main carbon source, according to the Kyoto Encyclopedia of Genes and Genomes (http://www.genome.jp/kegg/). The commercially available isotope-labeled amino acid precursors (α-ketobutyrate, α-ketoisovalerate, α-ketoisocaproate, 2-aceto-2-hydroxybutanoate and 2-acetolactate) are also encircled. Each solid arrow is indicative of one enzymatic reaction. Dashed arrows indicate multi-step reactions and double arrows represent reversible enzymatic reaction. The deleted genes are shown for the AcL-(red), leucine-(blue), valine-(purple) and Thr-(green) strain phenotypes. Peptidyl prolyl isomerase domain (PPD) of Trigger Factor is expressed by (A, B) BL21(AcL-) or (C) BL21(AcL-,Val-) using increasing concentrations of either (A, B) 13 CproS-acetolactate or (C) α-13 C-ketoisovalerate. (A) Two spectra of U-[ 1 H, 12 C,], Leu/Val-[ 13 CH 3 ]-proS PPD are shown with the proton cross-sections depicted for Met189 ε-methyl and Val164 γ2-methyl. The signal of Met ε-methyls is used as internal standard to assess the level of isotope incorporation for the methyls of interest. The intensities of Val/Leu peaks in the 13 C-HMQC (B, 9 Leu/Val-proS peaks; C, 6 Leu-proS/proR peaks) have been normalized using the average intensities of Met ε-methyls, and the mean ± sd is plotted against the concentration of precursor. Relative intensity above '1' should be taken as 100% incorporation and is within the variation in intensity of the methyl peaks examined as indicated by error bars. Methyl 13 C-HMQC spectra recorded on samples of MSG expressed with (A) BL21 and 120 mg/L of α-13 C-ketoisovalerate, containing Leu-δ1/δ2 and Val-γ1/γ2 crosspeaks, (B) BL21(AcL-/Leu-) with 40 mg/L of 13 C-acetolactate, containing only Val-γ2 crosspeaks, or (C) BL21(AcL-/Val-) with 40 mg/L of 13 C-acetolactate, containing only Leu-δ2 crosspeaks. The MSG crystal structures still show the highly spatially dispersed positions in the Leu-δ2 (green) and Val-γ2 (red) methyls in spite of the large reduction in the absolute number of NMR active probes. This indicates that spatial coverage is maintained while the sub-spectra are greatly simplified compared to the crowded regular spectrum (grey). The crosspeaks that appear in black on (B) and (C) panels are from Met ε-methyl used as internal standard.
